f r o m For Annie, by Edgar Allan Poe
Programmed cell death (PCD) has a critical role in the development of the nervous system, and both anti-PCD and pro-PCD modulators feature prominently in the establishment of neural architecture. It has been 100 years since the first description of developmental neuronalcell death 1 , and more than 50 years since Levi-Montalcini showed that such physiological cell death is inhibited by soluble factors such as nerve growth factor 2 . Dysregulation of cell-death programmes features in developmental and neoplastic disorders of the nervous system, and there is increasing evidence to suggest that such dysregulation may also occur in neurodegenerative, infectious, traumatic, ischaemic, metabolic and demyelinating disorders.
In 1964, Lockshin and his colleagues introduced the term programmed cell death to describe the apparently predetermined pattern by which specific cells die during insect development 3 . In 1966, it was shown that this process requires protein synthesis, at least in some cases 2 , indicating that it is the result of an active cellular suicide process. Then, in 1972, John Kerr and his colleagues coined the term apoptosis to describe a morphologically relatively uniform set of cell deaths seen in many different situations, from development to insult response to cell turnover 4 . Although PCD has often been equated with apoptosis, non-apoptotic forms also exist [5] [6] [7] [8] [9] , and neurodegenerative conditions such as Huntington's disease, amyotrophic lateral sclerosis (ALS) and ischaemia show cell deaths that do not fulfil the criteria for apoptosis 7 . Classical developmental studies support the view that at least three different forms of PCD are distinguishable (Table 1) : type I, also known as nuclear or apoptotic; type II, also known as autophagic 3, 5, 8 ; and type III, also known as cytoplasmic 5, 6, 8, 10 . These occur reproducibly in specific nuclei and with specific frequencies, at particular times of nervous-system development. But these cell-death pathways may also be activated by various insults, such as DNA damage or the accumulation of misfolded proteins.
Neurodegenerative diseases are associated with a number of insults that may trigger PCD: misfolded proteins, reactive oxygen and nitrogen species, mitochondrial-complex inhibition, calcium entry, excitotoxicity, trophic-factor withdrawal, and death-receptor activation to name a few. In some cases, however, deaths occur that do not fit neatly into any of the three classes of PCD, and these more controversial forms of death are also discussed below.
Cell death in the nervous system Dale E. Bredesen 1, 2 , Rammohan V. Rao 1 & Patrick Mehlen 1, 3 Neurodegenerative diseases such as Alzheimer's disease and Parkinson's disease trigger neuronal cell death through endogenous suicide pathways. Surprisingly, although the cell death itself may occur relatively late in the course of the degenerative process, the mediators of the underlying cell-death pathways have shown promise as potential therapeutic targets. Temporal studies of neurodegenerative models suggest, however, that PCD may be a relatively late event in the neurodegenerative process, and that death is preceded by early functional alterations (for example, electrophysiological deficits and cellular-stress-pathway activation) and microanatomical deficits (such as neurite retraction and synapse loss; see page 768). Surprisingly, then, various approaches aimed at inhibiting PCD have led to improved outcomes in neurodegenerative models, indicating that these pathways could have an important role in neurodegenerative diseases. Furthermore, recent studies have suggested that death in the nervous system may trigger stem-cell proliferation and survival, and so the work on cell death pathways -the subject of this review -offers many potential points of entry into the therapeutics of neurodegenerative disease states.
Classical apoptosis
Apoptosis (from the Greek, 'falling away'), also referred to as nuclear or type I PCD, is the best-characterized type of PCD (Box 1). Morphologically, cells typically round up, form blebs, undergo zeiosis (an appearance of boiling due to rapid bleb formation), chromatin condensation, nuclear fragmentation and the budding off of apoptotic bodies. Phosphatidylserine, which is usually located at the plasma membrane and faces inwards on live cells, now faces both inwards and outwards 11 . These morphological and histochemical changes are largely the result of activation of a set of cell-suicide cysteine proteases, the caspases 12, 13 . The biochemical activation of classical apoptosis occurs through two main pathways (Box 1). These are the extrinsic pathway, which originates through the activation of cell-surface death receptors such as Fas, and results in the activation of caspase-8 or -10 (ref. 14) , and the intrinsic pathway, which originates from mitochondrial release of cytochrome c and associated activation of caspase-9. A third, less well-characterized pathway -essentially a second intrinsic pathway -originates from the endoplasmic reticulum (ER) and also results in the activation of caspase-9 (refs 15-17) . Other organelles, such as the nucleus and Golgi apparatus, have damage sensors that link to apoptotic pathways 18 . Various biochemical responders, both physiological and pathological, act on the intrinsic pathway of apoptosis. Whether triggered by DNA damage or by sensors associated with other organelles, the typical outcome is that the balance between pro-apoptotic members of the Bcl-2 family and anti-apoptotic members is shifted toward the pro-apoptotic members (Box 1), which leads (although not invariably) to the cell's demise. But both the intrinsic and the extrinsic apoptotic pathways ultimately rely on the activation of caspases for death to ensue.
Caspases are cysteine-aspartyl-specific proteases that cleave with remarkable specificity at a small subset of aspartic acid residues. There are two types of apoptotic caspase: initiators and effectors. The initiator caspases cleave inactive forms of effector caspases, thereby activating them; effector caspases (for example, caspase-3 and 7) in turn cleave other protein substrates in the cell, resulting in the apoptotic process.
Both type of caspase are relatively inactive (the effectors more so than the initiators) when first synthesized, but they differ markedly in terms of their activation. Initiator caspases (caspase-8, 9 and 10) exist as monomers and bind to other proteins by means of what is known as the caspase activation and recruitment domain (CARD) in caspase-9 and a death effector domain (DED) in caspase-8 and 10. This protein-protein interaction results in dimerization of the caspases, which leads to their activation. Contrary to earlier models, cleavage of initiator caspases is neither required nor sufficient for activation 19 . However, the effector caspases exist as dimers in the cell and are activated by cleavage rather than induced proximity. Cleavage produces a tetramer with two large subunits and two small subunits with a substrate specificity that differs from initiator caspases.
The caspase substrates -the number of which is unknown but is probably somewhere between 0.5% and 5% of proteins -contribute to the apoptotic phenotype in various ways, such as by activation of proteolytic cascades, inactivation of repair, DNA cleavage, mitochondrial permeabilization and initiation of the process of phagytosis to clear up the dying cells, apoptotic bodies and debris.
Origami meets apoptosis
Misfolded proteins are constantly being produced, and for some proteins such misfolded species represent a significant fraction of the overall output. Misfolded proteins trigger a protective stress response, known as the unfolded-protein response (UPR; Fig. 1 ). Although this response may put off a cellular catastrophe for a short time, prolonged ER stress and UPR activation completely overwhelm the cellular protective mechanism, ultimately resulting in the activation of suicide pathways [20] [21] [22] [23] (Box 2). Morover, misfolded proteins also aggregate as oligomers and higher-order multimers, both of which may interact with critical cellular targets such as chaperones and transcription factors, among others.
These pathways are of particular interest in neurodegenerative disease studies because they are implicated in all the main examples of such diseases 24 . Disorders such as Alzheimer's disease (AD), Parkinson's disease (PD), Huntington's disease (HD), ALS and prion-protein diseases all share one common feature: accumulation and aggregation of misfolded proteins 20, 21 (see pages 774 and 803).
Mediators of cell death induced by misfolded proteins have recently been identified (Box 2). Bcl-2 family proteins also seem to have a key role in the cellular-suicide decision process 25 , and in the communication between the ER and the mitochondria. BAX/BAK double knockout cells demonstrate no caspase activation following ER stress, indicating that these are required mediators 26 . BIK may function to activate BAX and BAK in this pathway, whereas BI-1 inhibits BAX activation and translocation to the ER 27 . Other Bcl-2 family proteins are also involved, such as PUMA and NOXA, as well as p53 (ref. 28) .
Rather than true protein misfolding, prion proteins may trigger PCD when they are in an alternative, physiologically relevant conformation 29 .
The prion protein exists in three different topologies: a secreted form, a transmembrane form in which the amino terminus is extracellular (NTM), and a transmembrane form in which the carboxy terminus is extracellular (CTM). The latter form is pro-apoptotic and associated with neurodegeneration in vivo, whereas the secreted form is antiapoptotic. It remains to be seen whether other proteins have similar features.
Autophagic cell death
Desperate times call for desperate measures, and cells have a host of protective stress responses, most of which switch into execution mode during prolonged activation. During starvation, cells may only be able to survive by a process known as autophagy (from the Greek, 'self eating'). Autophagy occurs in diverse organisms and is subdivided into macroautophagy, microautophagy and chaperone-mediated autophagy. It complements the proteasomal pathway in that long-lived proteins, protein aggregates, and organelles are degraded by this regulated lysosomal pathway of degradation (see page 780). Targets for degradation -for example, damaged mitochondria or aggregates of misfolded proteins -are encircled by a process that is essentially an intracellular form of phagocytosis. The newly membrane-delimited structure -an autophagosome -then fuses with a lysosome, resulting in the degradation of the contents of the autophagosome. The molecular details of this process have been best characterized in yeast, in which a number of ATG (autophagy) genes have been identified, most of which have clear orthologues in higher eukaryotes.
Because the degradation of molecules and organelles by autophagy results in the production of energy and amino acids for protein synthesis, it is a cellular protective pathway that, although constitutively active at a low level, can be markedly upregulated by nutrient starvation. Nutrient withdrawal inactivates TOR (target of rapamycin), activating an ATG complex 30 . In a second step, vesicle nucleation occurs, and then, in a third step, vesicle expansion occurs, followed finally by the recycling of ATG proteins. The importance of this pathway in vivo has been illustrated by Atg7 conditionally null mice 31 , which show various cellular abnormalities such as ubiquitin-positive aggregates and apparently damaged mitochondria. Furthermore, mice deficient in autophagy due to knockout of beclin 1 are nonviable 32 . Although the roles of the autophagic process in protein and organellar degradation, and in cellular protection during nutrient starvation, are well accepted, the role of autophagy in PCD is more controversial 30, 32, 33 . This is in part because the term 'autophagic cell death' has been used for two potentially distinct observations: cell death associated with autophagy and cell death requiring autophagy. Most examples of autophagic cell death represent the former. However, increasing evidence suggests that the autophagic process is required for at least some cell deaths. For example, haploinsufficiency of beclin 1 leads to a tumour predisposition phenotype, indicating that autophagy is tumour suppressive 32 . More direct evidence has been provided by cells whose apoptotic machinery has been inhibited: when mouse embryonic fibroblasts (MEFs) that are null for both Bax and Bak are treated with the apoptosis inducers staurosporine or etoposide they undergo a form of cell death that is associated with autophagosomes, is dependent on Atg5 and beclin 1 and is inhibited by the autophagy/class III phosphatidylinositol-3 kinase inhibitor 3-methyladenine 33 . Furthermore, Lenardo's group found that caspase inhibition by zVAD-fmk (a general caspase inhibitor) in L929 cells results in autophagy-dependent PCD 34 , which has been proposed to be mediated by the selective degradation of catalase 35 . On the one hand, this may alert us to the possibility that anti-apoptotic therapies carry the potential risk of inducing non-apoptotic PCD; on the other hand, it may argue that therapeutics directed at multiple cell-death pathways will be required for optimal efficacy in diseases that involve PCD. Because cell death associated with some neurodegenerative diseases (or disease-associated mutants, such as α-synuclein) is associated with an autophagic morphology, these implications are potentially important for the development of effective therapies to prevent or ameliorate neurodegenerative disorders 36 . It is clear that in vivo testing to establish whether the autophagic pro cess is required for any form(s) of PCD is needed, and the required genetic and pharmacological tools are increasingly available. Many questions in this area remain unanswered. If autophagy is a cellular-protective programme that -like the UPR -at some point activates PCD, what is the signal that initiates PCD? How important is the role of autophagic PCD in neurodegeneration? Does autophagic PCD occur in vivo in the absence of apoptosis inhibition? Are there 'executioners' analogous to caspases in autophagic PCD? Given the common finding of protein aggregates in neurodegenerative diseases, is a defect in autophagy a common underlying problem in these diseases? If so, does this contribute to the triggering of cell death in neurodegenerative diseases?
Alternative cell-death programmes
In comparison with apoptosis, little is known about autophagic PCD, and even less is known about other non-apoptotic forms of PCD. In fact,
In the best-characterized example of the extrinsic pathway (panel a) Fas is bound by the trimeric Fas ligand (FasL). This results in the recruitment of FADD though Fas's death domain (DD) and caspase-8 through FADD's death effector domain (DED) 63 . The proximity of the initiator caspase, which results from its recruitment to the trimeric Fas-FADD complex, leads to its activation, and the subsequent activation of effector caspases (such as caspase-3 and 7) by cleavage. Furthermore, the extrinsic pathway interacts with the intrinsic pathway via caspase-8 cleavage of BID to produce tBID.
Whereas the extrinsic pathway uses caspase-8 (or caspase-10) to initiate cell death, the intrinsic pathway relies on caspase-9 (panel b).
The propensity of cells to undergo apoptosis, known as the apostat, is largely determined by the balance between anti-apoptotic and pro-apoptotic members of the Bcl-2 family of proteins. There are three types of proapoptotic Bcl-2-family protein. First, the multidomain proteins, such as BAX and BAK, have Bcl-2 homology domains 1-3 (BH1-3), which can permeabilize mitochondrial outer membranes 64 . Second, the BH3-only proteins, such as BIM and tBID, activate BAX and BAK and may participate in pore formation. Third, the BH3-only derepressors such as PUMA, NOXA and BAD sequester the anti-apoptotic Bcl-2 and Bcl-X L (and related proteins with BH1-4 domains), freeing up BH1-3 proteins to permeabilize the mitochondria. This causes the release of various pro-apoptotic mitochondrial proteins, such as cytochrome c and SMAC (also known as DIABLO), into the cytosol. Other proteins that are unrelated to Bcl-2 can also influence the actions of the Bcl-2 family members [65] [66] [67] .
After release from the mitochondria, cytochrome c induces conformational change and heptamerization of the cytosolic protein APAF-1. The heptamer binds caspase-9, which results in its activation and the cleavage of effector caspases such as caspase-3 and 7. These active caspases can still be held in check by inhibitor of apoptosis proteins (IAPs) such as XIAP 68 , which may function as direct inhibitors of caspase activity and as E3 ligases that mediate caspase degradation 69 . This IAPmediated block may be released by proteins such as SMAC 70, 71 and OMI (also known as HTRA2) 72 , which are also released from the mitochondria.
Fission and fusion of mitochondria 73, 74 also seem to function in cell death. Fission is mediated by DRP1 and FIS1, and inhibition of these proteins blocks the induction of apoptosis by staurosporine 74 . Pro-apoptotic proteins may be recruited to the mitochondria by DRP1, and mitochondrial remodelling may enhance the release of cytochrome c and other mitochondrial proteins. This could have special relevance to PCD during neurodegeneration, because mutations in the mitochondrial fusion mediator OPA1 are associated with optic atrophy 75, 76 . Ongoing work should clarify the roles of mitochondrial fission and fusion, and their mediators, in PCD and neurodegeneration. so far, other forms of PCD have not been generally accepted by the scientific community. However, as has previously been noted 37 , such forms of cell death have been observed repeatedly, although their genetics and biochemical pathways are poorly understood. Type III PCD 5 , or cytoplasmic cell death, is a 'necrosis-like' form of PCD that includes swelling of the ER and mitochondria, and lacks typical apoptotic features such as apoptotic bodies and nuclear fragmentation. It has recently been noted that the hyperactivation of the tyrosine-kinase receptor insulinlike growth factor I receptor (IGFR) induces a non-apoptotic form of cell death known as paraptosis 9 . This was shown to be programmatic -in that it required transcription and translation -and was found to be morphologically indistinguishable from type III PCD. Neither Bcl-2 nor caspase inhibitors block this form of PCD, nor are caspases activated, but inhibitors of extracellular signal-regulated kinase 2 (ERK2) -but not ERK1 -were found to inhibit paraptosis 38 , as was AIP-1 (a PCD-interacting protein also known as ALIX).
Box 1 | Intrinsic and extrinsic apoptotic pathways
The idea that PCD might be induced by hyperactivation of a trophic factor receptor -trophotoxicity -is compatible with earlier observations that some trophic factors may increase neuronal cell death, for example that induced by excitotoxicity 39 . Such an effect might be protective against neoplasia, in that it may eliminate cells that would otherwise undergo autocrine-loop-stimulated oncogenesis. The resulting programme would necessarily be non-apoptotic, because trophic factors inactivate apoptotic signalling.
Aponecrosis is a term applied to a combination of apoptosis and necrosis 40 . Many cytotoxins induce PCD at low concentrations but at higher concentrations induce necrotic cell death, presumably because the cell's homeostatic processes are overwhelmed before the cell-death programmes can be completed. In fact, this is the most common pattern seen with cellular toxins, from hydrogen peroxide and other oxidants to mitochondrial toxins such as antimycin A 40 . Nicotera, Lipton and their colleagues showed that glutamate-induced neuronal-cell death could proceed through apoptosis or necrosis, depending on mitochondrial membrane potential and cellular energy state 41 . However, in most cases, the necrotic morphology associated with aponecrosis has not been proved not to be programmed. So, it is still not clear whether aponecrosis represents a combination of apoptosis and a non-apoptotic form of PCD, or whether it represents a combination of apoptosis and non-programmatic cell death.
Forms of cell death have been described that do not fit the criteria for any of the three types of developmental cell death (Table 1) . For example, a non-apoptotic, caspase-independent form that does not resemble type II or type III developmental PCD has been described by Driscoll and her colleagues 42 in C. elegans expressing mutant channel proteins such as MEC-4(d). A uniform, necrosis-like cell death -characterized morphologically by membranous whorls not seen in other types of cell death -is triggered by calcium entry, mediated by specific calpains and cathepsins, and inhibited by calreticulin.
A fifth apparent form of PCD has been described by the Dawsons and their colleagues, who showed that a non-apoptotic form of cell death depends on the activation of poly-(ADP-ribose) polymerase (PARP) and the consequent translocation of apoptosis-inducing factor (AIF) from the mitochondria to the nucleus 43 . AIF is a flavoprotein described by Kroemer and colleagues 44 that is involved with DNA fragmentation, along with endonuclease G and DNA-fragmentation factor. This form of PCD was shown to be activated by agents that induce DNA damage, and shows a morphology and biochemistry that is, as far as we know, distinct from PCD types I-III.
It is likely that, as additional data are gathered from other cell-death paradigms, novel biochemical pathways of PCD will be characterized. 
BiP
For example, there is an extensive literature on the morphological criteria for another potential form of PCD -oncosis -but the biochemical underpinnings of oncosis have not yet been described. Oncosis refers to a specific morphology of cell death -cellular swelling -that is typically induced by ischaemia and is thought to be mediated by the failure of plasma-membrane ionic pumps. One potential mediator of oncosis is a calpain-family protease (possibly a mitochondrial calpain 45 ).
Triggering cell death in neurodegeneration
As noted above, a number of different and potentially interrelated insults may occur as part of the neurodegenerative process. The role of the cell-death machinery in neurodegenerative diseases is controversial, especially because synaptic loss and electrophysiological abnormalities typically precede cell loss in these disease states (see page 768). However, recent studies suggest a critical role for cell-death mediators in neurodegenerative diseases, even before the reduction in neuronal number. For example, in a transgenic mouse model of AD that features senile plaques, synapse and memory loss, but little or no neuronal loss, mutation of the caspase cleavage site at Asp 664 in the amyloid precursor protein (APP) completely suppressed synapse loss, dentate gyral atrophy, astrogliosis and memory loss, even though senile plaque number and amyloid-β concentrations were unaffected 46 . In an analogous study with an HD-transgenic mouse model, mutation of the caspase-6 site (but not the caspase-3 sites) in polyglutamine-expanded huntingtin prevented both the neurodegeneration and motor abnormalities characteristic of Huntington's disease 47 . More direct evidence for caspase activation in neurodegeneration (Fig. 2) comes from the employment of antibodies directed against neo-epitopes derived by caspase cleavage 46, 48 and from the inhibition of neurodegeneration by caspase inhibitors 49, 50 . However, some neurodegenerative models and diseases clearly demonstrate non-apoptotic forms of PCD 7 . Determining which PCD pathways are triggered in each neurodegenerative disease, which pathway accounts for each fraction of cell death, the mechanism(s) by which each pathway is triggered, and the interactions between the various pathways should shed new light on the degenerative process and its potential treatment or prevention. Perhaps even more important will be dissecting the pathways mediating sub apoptotic events such as synaptosis and Wallerian degenerationlikely to be important features in the neurodegenerative process -and understanding how the interplay between these various processes results in the neurodegenerative phenotype.
The ability to initiate the neurodegenerative process, with widely varying insults -from misfolded proteins to reactive oxygen species to caspase recruitment complexes, as well as other mechanisms -and yet produce a relatively small number of syndromes indicates the existence of a death network that can be entered from many different sites but once triggered follows similar interdependent biochemical pathways with little dependence on the point of entry. This idea is compatible with ER stress is coupled to specific independent death pathways, as well as demonstrating involvement with the intrinsic and extrinsic apoptotic pathways. Studies from various laboratories have disclosed the roles of several ER-stress-induced cell-death modulators and effectors through the use of biochemical, pharmacological and genetic tools. These ERstress-induced cell-death modulators include various members of the Bcl-2 family (Bcl-2, Bcl-X L , BAX, BAK, BI-1 and BIK), BAP31 and p53-dependent gene products such as NOXA and PUMA.
BAP31, an ER-membrane protein, binds Bcl-2 (or Bcl-X L ) and a caspase-8-containing pro-apoptotic complex 77 . When BAP31 is cleaved, a proapoptotic p20 fragment is derived, which, among other effects, induces mitochondrial fission, enhancing cytochrome c release 78 . Conversely, BAR, which is expressed primarily in neurons of the central nervous system, also bridges Bcl-2 and caspase-8 but functions as an antiapoptotic protein 79 . CHOP (also known as GADD153), a transcription factor induced during ER stress and activated by p38 mitogen-activated protein kinase, may also function as an ER-stress-induced cell-death modulator. It has been proposed to promote ER-stress-induced cell death by downregulating Bcl-2 expression.
Recent data have also implicated the calcium-binding protein apoptosis-linked gene-2 (ALG-2), and valosin-containing protein (VCP) as mediators of ER-stress-induced PCD. p23 interacts with PUMA and inhibits apoptosis, an effect that is reversed after cleavage. An ALG-2-interacting protein known as ALIX (or AIP-1) links motor-neuron-cell death during development as well as neuronal death in a HD model to the endolysosomal system 80 . In addition to the two main pathways that initiate the caspase cascade -namely, the extrinsic and intrinsic pathways -some studies point to a caspase-12-mediated apoptotic pathway that involves the ER and the UPR (at least in murine cells), although this is a controversial area of research. Caspase-12 may be activated by calpain or caspase-7, or by ER-stress-activated IRE1, which may recruit caspase-12 through tumournecrosis-factor receptor-associated factor 2 protein (TRAF2).
Oligomerized IRE1 also binds TRAF2, signalling downstream kinases (ASK1 and JNK) that, in turn, cause activation of pro-apoptotic proteins and cell death. the findings that therapeutics aimed at different pathways (for example, caspase activation, mitochondrial release of cytochrome c, metal binding and reactive-oxygen-species scavenging) all have partly salutary effects. However, it also suggests that a complete halt of the neurodegenerative process may require therapeutics that address all the interacting pathways of the network.
Targeting programmed cell death
Neuronal loss is a relatively late event in neurodegenerative diseases, following neuronal dysfunction, synapse loss and, often, somal atrophy. But targeting PCD has been successful in at least some model systems of neurodegeneration, and it is possible that targeting multiple PCD pathways will be even more effective. Caspase inhibition in vivo retarded the degeneration in transgenic mouse models of both ALS and HD, despite the fact that the morphological description of neuronal cell death in these diseases is not compatible with apoptosis 49, 50 . Bcl-2 expression in a transgenic model of ALS delayed symptom onset and increased lifespan, but did not alter the disease duration 51 . Minocycline, a second-generation tetracycline that inhibits mitochondrial cytochrome c release, effected neuroprotection in mouse models of HD, PD and ALS 52 . Minocycline is orally bioavailable, penetrates the blood-brain barrier and has been proved safe for use in humans. It is currently being evaluated in clinical trials in patients with HD and ALS 52 . Rasagiline, which has been approved for the treatment of PD, has also been proposed to target apoptosis, but because it is a potent, selective, irreversible inhibitor of monoamine oxidase type B, its therapeutic effect on PD may have nothing to do with effects on apoptosis.
Trophic factors have multiple effects, including the inhibition of apoptosis, the stimulation of neural precursors and the stimulation of neurite outgrowth. The literature is rife with examples of trophic-factor therapy for various neurological conditions, and although many have been unsuccessful, the delivery of the correct factor(s) to the right target in the correct concentration for a particular disease still holds great promise (although hyperactivation of at least some trophic-factor receptors may induce PCD). A recent study of fibroblast growth factor 2 (FGF2) in a mouse model of HD prolonged survival, improved motor performance and reduced polyglutamine aggregates 53 . A number of approaches have been taken to deliver nerve growth factor (NGF) to patients with AD, the most recent being by means of genetically engineered fibroblasts in a phase I trial 54 . In this study, improvements in cognition and positron-emission tomography (used to monitor fluorodeoxyglucose uptake) were documented. Glial-derived neurotrophic factor (GDNF) has shown promise in the treatment of PD 55 . HD may represent one of the best possibilities for trophic-factor therapy: presymptomatic diagnosis is readily available, and although a number of different trophic factors have shown promise in animal models (for example, FGF2, NGF and ciliary neurotrophic factor 56 ), brain-derived neurotrophic factor (BDNF) is both reduced in the disease and therapeutic in models. Furthermore, cysteamine has been shown to increase BDNF levels in brain 57 .
A lifeline
Exciting recent evidence suggests that pathological processes may stimulate neurogenesis in the brain and may redirect the migration of nascent neurons towards the site of pathology. And, under certain circumstances, stimulating neurogenesis can improve the performance and survival of mice with neurodegenerative disease. These and similar results raise the question of whether stem-cell exhaustion or senescence after prolonged stimulation might have a role in the long-term course of neurodegenerative disease. Furthermore, although the factors linking neurodegeneration to neural-stem-cell proliferation and inhibition of PCD are largely unknown, the potential for therapy using these putative factors is likely to be significant. Reconciliation of cell-death pathways with neurodegenerative and regenerative mechanisms should offer an improved understanding of disease and open avenues for therapeutic intervention.
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